Transposition (the movement of discrete segments of DNA, resulting in rearrangement of genomic DNA) initiates when transposase forms a dimeric DNA-protein synaptic complex with transposon DNA end sequences. The synaptic complex is a prerequisite for catalytic reactions that occur during the transposition process. The transposase-DNA interactions involved in the synaptic complex have been of great interest. Here we undertook a study to verify the protein-DNA interactions that lead to synapsis in the Tn5 system. Specifically, we studied (i) Arg342, Glu344, and Asn348 and (ii) Ser438, Lys439, and Ser445, which, based on the previously published cocrystal structure of Tn5 transposase bound to a precleaved transposon end sequence, make cis and trans contacts with transposon end sequence DNA, respectively. By using genetic and biochemical assays, we showed that in all cases except one, each of these residues plays an important role in synaptic complex formation, as predicted by the cocrystal structure.
Transposition is the movement of a defined DNA segment, a transposon, from one location to another within the same or different DNA molecules. Tn5, which is a 5.8-kbp prokaryotic transposon, consists of two inverted terminal repeats, IS50L and IS50R, that flank the genes encoding for antibiotic resistance ( Fig. 1A) (5) . IS50R carries the gene for Tn5 transposase (Tnp), the only protein catalyzing Tn5 transposition steps (13) . Each IS50 element is flanked by two inverted 19-bp end sequences (ESs) (12) , called the outside end (OE) and the inside end (IE), that are recognized by Tnp during the transposition process ( Fig. 1) (4) . During transposition, the transposon is completely excised from donor DNA and inserted into a target DNA. This movement is carried out through a conservative "cut-and-paste" mechanism (8), which is explained and shown schematically in Fig. 2 . The transposition process is mediated by three factors: Tnp, a transposon (which is bracketed by two inverted ESs), and Mg 2ϩ ions. Tnp is critical in many transposition steps, including binding to the transposon DNA ESs (24) , bringing the two ESs together via formation of a protein homodimer that results in synaptic complex formation, cleaving the DNA adjacent to the ESs, and inserting the transposon into a target DNA (3, 7, 8, (20) (21) (22) (23) .
The synaptic complex is a key intermediate in Tn5 transposition. This is because all catalysis occurs in trans, with the Tnp monomer that initially bound to one ES performing the catalytic events on the ES-donor backbone (DBB) border that was initially bound by the other Tnp monomer. Throughout our studies we used a previously described hyperactive mutant (E54K, M56A, L372P) of Tnp, called EK/LP, as a control (9, 11, 21, 29, 31) . The previously published cocrystal structure of EK/LP bound to the OE ES ( Fig. 3 ) (generated from PDB ID 1MUH) predicts the existence of multiple Tnp-ES DNA contacts both in cis and in trans (9) . These contacts are presumed to play key roles in stabilizing the synaptic complex and in establishing detailed ES DNA conformations necessary for catalysis. Thus, confirming the existence and role of each of these proposed Tnp-ES DNA contacts is of considerable interest.
Two Tnp-ES DNA contact regions (involving cis contacts between the ES and residues 342 through 348 and trans contacts between the ES and residues 438 through 445) have not been previously studied in detail. Therefore we undertook an effort to study those residues that, based on the cocrystal structure, seemed to be critical in synapsis and therefore in the transposition process. Specifically, we studied two groups of these residues, (i) Arg342, Glu344, and Asn348 and (ii) Ser438, Lys439, and Ser 445, which make cis and trans contacts with the ES, respectively (Fig. 3) . Using site-directed mutagenesis, these residues were individually mutated to alanine. Several in vivo and in vitro assays were then used to investigate which of these residues are important for the Tn5 transposition process and, furthermore, which steps of the transposition process are affected by each mutation.
Our results show that, as expected from the cocrystal structure of Tnp bound to the OE ES (9), R342A, N348A, S438A, K439A, and S445A show impaired or no transposition activity both in vivo and in vitro and that these defects are due to impaired synaptic complex formation. E344A proved to have enhanced hyperactivity, due mainly to its increased ability to form synaptic complexes. The enhanced hyperactive property of E344A was explained through a fresh analysis of the crystal structure.
MATERIALS AND METHODS

Mutation of Tnp.
All the mutations were generated using the Stratagene QuikChange multi-site-directed mutagenesis system. Pfu Turbo (Stratagene) was used for DNA polymerization. The mutations were generated using plasmid pGRTYB35 (4), carrying the gene for EK/LP (28, 31) . This plasmid allows for the expression of a C-terminal Tnp-intein fusion product that can bind to chitin beads and facilitate the protein purification. The polyacrylamide gel electro-phoresis-purified primers and their complements were ordered from Integrated DNA Technologies. The forward primers were as follows: R342A, 5Ј-GCAGG  AGCCGACAGGCAAGCCATGGAGGAGCCGG-3Ј; E344A, 5Ј-CGAGAGG  CAACGCATGGCGGAGCCGGATAATCTGG-3Ј; N348A, 5Ј-CATGGAGG  AGCCGGATGCCCTGGAGCGGATGGTC-3Ј; S438A, 5Ј-GGGCGGTTTTA  TGGACGCCAAGCGAACCGG-3Ј; K439A, 5Ј-GGTTTTATGGACAGCGCC  CGAACCGGAATTGCC-3Ј; and S445A, 5Ј-CCGGAATTGCCGCCTGGGGC  GCCC-3Ј. The PCR products were electroporated into TransforMax EC100 electrocompetent Escherichia coli (Epicenter Biotechnologies), grown in Luria-Bertani (LB) medium for 1 h, and selected for ampicillin resistance by plating on LB agar plates containing 100 g/ml ampicillin (Amp 100 ) (Sigma). The DNAs from several single colonies were purified using the QIAprep spin miniprep kit (QIAGEN) and were sequenced to confirm the presence of desired mutations and to ensure fidelity otherwise. Once the sequence was confirmed, the isolate was maintained as a glycerol stock culture at Ϫ80°C.
Papillation assay. The in vivo papillation assay was performed as previously described (14) . The mutant plasmids were transformed into a tetracycline-resistant E. coli strain, called MDW320 (29) , which contains a Tn5-derived transposon with a promoterless lacZ. These cells were then plated on minimal glucose (2 mg/ml)-agar plates containing 0.04 mg/ml X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (Sigma), 0.25 mg/ml P-Gal (phenyl-␤-D-galactoside) (Sigma), Amp 100 , tetracycline (10 g/ml), and Casamino Acids (3 mg/ml). The plates were incubated overnight at 37°C, and then single colonies from EK/LP and different mutants were replica plated onto the same types of plates in order to give each colony the same resources. These plates were then incubated for 3 to 5 days at 30°C to allow production of blue papillae. The number and rate of production of blue papillae on the colonies from different mutants were judged by eye and compared with EK/LP. In order to produce a darker blue color, plates were stored overnight at 4°C prior to being photographed.
Protein expression. All proteins were expressed and purified as previously described (24) . The plasmids were transformed into E. coli expression strain ER2566 (New England Biolabs) and plated on LB agar plates containing Amp 100 . Plates were incubated overnight at 37°C to grow single colonies. Six ml LB with Amp 100 was inoculated with a single colony and grown by shaking at 37°C to an optical density at 600 nm (OD 600 ) of 0.6. Two milliliters of this culture was harvested (centrifuged for 10 min at 4,000 rpm at room temperature) and resuspended in 2 ml fresh LB medium. One hundred milliliters of LB containing Amp 100 was inoculated with this 2-ml starter culture and grown by shaking at 250 rpm at 37°C to an OD 600 of 0.6. This culture was stored overnight at 4°C (this step can be eliminated if desired). The next day, for the final growth, 20 ml of this 100-ml culture was harvested (10 min at 4,000 rpm at 4°C), and the pellet was resuspended in 20 ml of fresh LB, which was used to inoculate 1 liter of LB containing Amp 100 . The culture was grown by vigorous shaking (250 rpm) at 37°C to an OD 600 of 0.25. Growth was continued by shaking the culture at 250 rpm at room temperature to an OD 600 of 0.6. At this point cells were induced using 1 mM isopropyl-␤-D-1-thiogalactopyranoside (IPTG) and grown for 1 h. Cells were harvested by centrifugation at 4°C for 30 min at 4,000 rpm. The pellet was washed with 20 ml of phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.7 mM KH 2 PO 4 ) and stored overnight at Ϫ20°C. Protein purification. The pellet was resuspended in 20 ml ice-cold HEG 0.7 buffer (20 mM HEPES [pH 7.5], 1 mM EDTA, 10% glycerol, and 0.7 M NaCl). The suspended cells were lysed by sonication on ice and centrifuged for 30 min at 12,000 rpm at 7°C. The supernatant containing Tnp protein was added to 2.5 ml chitin beads (New England Biolabs), which were preequilibrated with HEG 0.7 buffer. The mixture of chitin beads and lysate was shaken very gently for 1.5 h at 4°C to let intein-Tnp bind to the beads. The mixture was then transferred into a 1-ml QIAGEN polypropylene column and allowed to flow through the column. (1, 24) . Each monomer makes contacts with both its own ES (cis contacts) and the transposon ES bound to the other monomer (trans contacts) (9, 18) . The catalytic domain of each Tnp is positioned in such a way as to cleave the transposon end of the other monomer (trans cleavage) (9, 18) . DNA cleavage to excise the transposon proceeds through a number of steps. Tnp, in the presence of Mg 2ϩ , cleaves the DBB via a mechanism that involves a hairpin intermediate and results in a DEB complex (a synaptic complex with two cleaved ends) (4, 5) . The chemical steps of the cleavage process are shown for one of the strands only. Following binding of the DEB complex to a nonspecific target DNA, the activated 3Ј-OH groups at the ends of the transposon perform nucleophilic attacks on the target DNA, accomplishing strand transfer with a 9-bp spacing (23) . The Tnps leave the target DNA and the gaps are repaired, producing a 9-bp duplication (for reviews, see references 10, 15, and 21).
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The column was washed with 3 column volumes of HEG 0.7 buffer. To cleave the protein, the column was washed with 3.5 ml of HEG 0.7 containing 50 mM hydroxylamine. Then column was closed and left overnight at 4°C in order to allow for hydroxylamine cleavage of the Tnp from chitin beads. The next day, Tnp was eluted using 1 ml of HEG 0.7 buffer. Eluted solutions were later analyzed for protein contents using the standard Bradford assay (6) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Oligonucleotide substrates. Two types of oligonucleotides were used: (i) the 60-bp "full-length" substrate containing the 19-bp mosaic end (ME) (a hyperactive hybrid ES) (underlined) flanked by the 20-bp DBB and 21 bp of transposon DNA ( Fig. 1 ) (5Ј-GGCCACGACACGCTCCCGCGCTGTCTCTTATACACATCTTG AGTGAGTGAGC TGCATGT-3Ј) and (ii) the 40-bp "precleaved" substrate, which is identical to the 60-bp substrate but lacks the DBB (5Ј-CTGTCTCTTATA CACATCTTGAGTGAGTGAGCATGCATGT-3Ј). The oligonucleotides and their complements were purchased from Integrated DNA Technologies. The 5Ј ends of both strands in the 60-bp substrate were labeled with 6-carboxyfluorescein to facilitate detection of the oligonucleotides in the subsequent assays. For the 40-bp substrate, only the 5Ј end of the transferred strand was fluorescein labeled to avoid steric interactions between the 5Ј end of the nontransferred strand and residues in the catalytic core. Since during the cleavage step a phosphate group is generated at the 5Ј end of the nontransferred strand, this end was phosphorylated in the 40-bp substrate. Substrates were annealed (final concentration of 1 M in a buffer containing 10 mM NaCl and 10 mM Tris-HCl, pH 7.5) using a thermocycler, where substrates were heated to 95°C for 1 min and then cooled to 4°C at 0.1°C/s.
PEC formation assay. The paired-end complex (PEC) formation ability of each of the mutants with respect to that of EK/LP was assessed essentially as previously described (26) . In order to form PECs, various amounts of purified Tnps were mixed with 60-bp substrates (final concentration, 100 nM) in a transposition buffer lacking Mg 2ϩ (500 mM potassium glutamate, 125 mM HEPES [pH 7.5], 2.5 mM ␤-mercaptoethanol, 200 g/ml tRNA, and 1.25 mg/ml bovine serum albumin). Twenty microliters of reaction mixture was prepared for EK/LP and each of the mutants. Reaction mixtures were incubated at 37°C for 1.5 h to form the complexes (most of the PECs form within an hour [data not shown]). PEC formation was stopped by adding 5 l of blue/orange 6ϫ glycerol loading dye (Promega) to each reaction mixture, and tubes were stored at Ϫ20°C. PECs were separated from unbound substrates by electrophoresis on a 7% native polyacrylamide gel (300 V, 1.5 h, 4°C). The gels were scanned using a Typhoon 9410 variable-mode imager to detect the positions of the fluorescence-labeled oligonucleotides. For each protein, the PEC formation ability was measured at its optimum concentration (Tnp concentration that gave the plateau value of PECs, 500 nM). For all mutant Tnps and EK/LP, PECs and unbound substrate were separated on the same gel to compare their PEC formation abilities at the same time. The PEC assay was performed in triplicate for each protein.
Cleavage assay. The PECs were formed with the 60-bp substrate as described above. After 1.5 h, a 20-l aliquot was removed, added to 5 l of 6ϫ loading dye, and immediately stored at Ϫ20°C. This was called the zero time point. Magnesium acetate (final concentration of 10 mM) was added to provide the necessary Mg 2ϩ ions for catalysis. Then, 20-l samples were taken at 0.75, 2, 4, 6, 8, 10, 15, 20, 30, 45, and 60 min. Time point samples were added to 5 l 6ϫ loading dye and immediately stored at Ϫ20°C. The cleavage products were separated on a 7% native polyacrylamide gel (300 V, 2 h, 4°C). The gel was scanned using a Typhoon imager to detect the positions of the 60-bp substrates. The bands corresponding to PEC, single-end break (SEB) (the synaptic complex containing one cleaved and one uncleaved end), and double-end break (DEB) (the synaptic complex with both ends cleaved) (5) complexes were quantified relative to each other using ImageQuant Total Lab software. The percentages of PECs, SEBs, and DEBs were plotted versus time to compare the cleavage behavior of each mutant with that of EK/LP.
Strand transfer assay. The PECs were formed with the "precleaved" oligonucleotide (40 bp), as described above for PEC formation assay. After 1.5 h, a 20-l aliquot was removed, added to 5 l 6ϫ loading dye, and stored at Ϫ20°C. This was called the zero time point. Magnesium acetate (10 mM final concentration) and supercoiled pUC19 (8 nM final concentration) were added, at the same time, in order to allow the target (pUC19) capture and initiation of strand
FIG. 3. (A) Structure of Tn5 Tnp dimer bound to two OE sequences (PDB ID 1MUH) (9)
. Transferred and nontransferred strands are shown in green and purple, respectively. (B) Arg342, Glu344, and Asn348 and Ser438, Lys439, and Ser445 make cis and trans contacts with OE DNA, respectively. Mn 2ϩ in the active site coordinates to Asp97, Asp188, Glu326 (DDE motif) and 3Ј-OH of the transferred strand. The DDE motif is a common catalytic triad of acidic residues among transposases and retroviral integrases, which provides a binding site for Mg 2ϩ ions (9). Arg342 and Asn348 have water-mediated interactions with backbone phosphates of transferred and nontransferred strands, respectively. Glu344 has proposed base-specific contacts with G7 of the transferred strand and T8 and T9 of the nontransferred strand. Ser438 has a base-specific contact with A8 of the transferred strand and C7 of the nontransferred strand. Lys439 has a base-specific contact with G7 of the transferred strand. Ser445 has a water-mediated interaction with a backbone phosphate of the nontransferred strand. All these contacts are with the base pairs located in the major groove of ES DNA. 
RESULTS
The previous crystal structure of Tn5 Tnp bound to a doublestranded oligonucleotide containing the recognition ES (Fig. 3A) (generated from PDB ID 1MUH) (9) depicts Tnp residues that are in close contact with the ES and therefore are presumed to be involved in DNA binding. Based on these structural data, we undertook a genetic study of the importance of several of these residues in the different steps of Tn5 transposition. Using sitedirected mutagenesis, Arg342, Glu344, and Asn348 (cis contacts) and Ser438, Lys439, and Ser 445 (trans contacts) (Fig. 3B) were individually mutated to alanine. In vivo and in vitro assays were used to investigate the impact of each of these mutations on the Tn5 transposition process.
Papillation assay. To study the in vivo transposition efficiency of each mutant, an in vivo transposition assay, called the papillation assay, was performed (14) . In this assay the competence of a Tnp to transpose lacZ (lacking transcription and translation initiation signals) flanked by ESs is assessed compared to EK/LP (as the control). Plasmids encoding the desired mutants were electroporated into MDW320 E. coli cells (29) , which contain a plasmid with a promoterless lacZ gene within a transposon flanked by ESs, and the cells were plated on glucose minimal agar plates containing P-Gal and X-Gal. The number and rate of blue papillae production in a colony are a measure of the transposition frequency yielding lacZ ϩ fusions. The results of the papillation assay are shown in Fig. 4 . R342A, S438A, and K439A have no detectable transposition activity. S445A and N348A show impaired activity compared to EK/LP. Finally, E344A is more active than the EK/LP control, since not only did it produce more blue papillae than EK/LP, but also the blue papillae in the E344A colonies appeared earlier than those in the EK/LP colonies.
In order to understand why the mutants behave differently from the EK/LP control in the papillation assay, the ability of each mutant to perform various steps of the transposition process was examined.
PEC formation assay. We used an in vitro assay called the PEC formation assay (5) to assess the ability of each mutant to perform synapsis. The substrate for this assay was a 19-bp recognition ES oligonucleotide, attached on one end (ϩ19) to transposon sequences (21 bp) and on the other end (ϩ1) to the DBB (20 bp) (Fig. 1B) (27) . Tnp homodimerizes to form a PEC, or in other words, a PEC consists of two Tnp molecules bound to two 19-bp ES-containing oligonucleotides.
The PEC formation ability of the proteins was measured by an electrophoretic mobility shift (gel shift) assay. PECs and unbound substrates for the mutant Tnps and EK/LP were separated on the same gel to compare their PEC formation abilities at the same time. The typical results of these assays are shown in Fig. 5A . The efficiency of PEC formation for each protein was measured by the percentage of PECs formed by each protein, which is measured as the amount of ES-containing oligonucleotide in PECs divided by the total amount of ES-containing oligonucleotide in each reaction. The PEC formation assay was repeated at least three times for each protein to ensure the reproducibility of the results. Figure 5B shows a bar graph representing the average values of percent PEC formation for each protein. As the error bars show, the PEC formation data are highly reproducible for all Tnps. These results demonstrate that R342A, S438A, and K439A, which are inactive in the papillation assay, form insignificant amounts of PECs. N348A and S445A, which had impaired activity in the papillation assay, also show impaired activities in PEC formation compared to EK/LP. Finally, the data strongly suggest that E344A, which had an enhanced hyperactive phenotype in the papillation assay, also demonstrated enhanced hyperactivity in PEC formation compared to EK/LP. Therefore, the PEC formation results correlate well with the results of the in vivo papillation assay (see Discussion).
Cleavage assay. As shown in Fig. 2 , after synaptic complex formation, in the presence of a divalent cation such as Mg 2ϩ , a three-step reaction occurs to cleave transposon DNA free from the adjacent DBB. To investigate whether the mutants that allow measurable formation of PECs also affect the cleavage steps, catalyzed by Tnp, we carried out an assay similar to the PEC formation assay, but after formation of the complexes, magnesium acetate was added to allow catalysis to occur. A schematic representation of the cleavage reaction after PEC formation is shown in Fig. S1A in the supplemental material. Figure S1B to F in the supplemental material shows the gel analyses of cleavage assays for EK/LP and its mutants that were studied in this work. The percentages of PECs, SEBs, and DEBs were plotted against time to show the course of the cleavage process for each mutant (see Fig. S1F to H in the supplemental material). Among the three mutations of residues that form cis contacts, R342A did not form enough PECs to be studied by cleavage assay, and among those that form trans contacts, S438A and K439A did not form enough PECs to be studied by cleavage assay.
The data presented in Fig. S1 in the supplemental material indicate that mutants E344A, N348A, and S445A have cleavage catalytic properties similar to those of the control Tnp (EK/LP).
Strand transfer assay. To investigate whether our mutations affect the last step of transposition, an in vitro assay called the strand transfer assay was used. In this assay, instead of the 60-bp substrate, which needs to be cleaved to release the transposon (40 bp) from the DBB, annealed 40-bp ES-containing oligonucleotides were used. In this way, we made sure that the observed results are due only to the strand transfer and not the cleavage step. Figure S2A in the supplemental material shows a schematic representation of the strand transfer. The strand transfer products (SEST and DEST), were analyzed by gel electrophoresis on a 2% agarose gel (see Fig. S2B to F in the supplemental material). To compare the strand transfer catalytic behaviors of the mutants with that of EK/LP, the FU corresponding to DEST products were quantified for each Tnp and normalized against the highest value of DEST formed by that Tnp. These normalized FU values were plotted versus time (see Fig. S2G in the supplemental material). The graphs show that mutants E344A, N348A, and S445A have very similar behavior in strand transfer properties to the control. Thus, these data strongly suggest that the mutations studied here do not affect the strand transfer catalytic properties of Tnp.
DISCUSSION
Synaptic complex formation is a key step in Tn5 transposition, since all transposition-related catalytic events can occur only in the context of this dimeric protein-DNA arrangement. That is, all reactions occur in trans in that the Tnp subunit that initially bound to one ES DNA performs catalysis on the ES DNA bound to the other subunit (trans catalysis) (18) . It is likely that most other transposition systems manifest the same property. A key feature of the synaptic complex is the multiplicity of Tnp-ES DNA contacts. The published cocrystal structure predicts the existence of five different Tnp regions that make ES contacts; two regions form cis contacts, and three regions form trans contacts (9) . Three of these regions have been extensively studied in other work (2, 5, 16, 17, 19, 25, 27, 30, 31) . In this communication we present analyses of the remaining two regions (the cis contact region from residue 342 to 348 and the trans contact region from residue 438 to 445) and verify, through genetics and biochemistry, that these regions play an important role in synaptic complex formation.
Mutants R342A, S438A, and K439A showed no transposition activity in the in vivo papillation assay (Fig. 4) . The effect of these mutations can be entirely attributed to an inhibition of the first step in transposition (PEC formation) (Fig. 5) . Therefore, these results suggest that Arg342, Ser438, and Lys439 are critical residues in synaptic complex formation by Tn5 Tnp in vivo.
The E344A mutant showed enhanced hyperactivity in the in vivo papillation assay (Fig. 4) . Studying different steps of the transposition process for this mutant showed a significant increase in the PEC formation ability of this mutant compared to EK/LP but no effects on the DNA cleavage or strand transfer steps. Therefore, the data strongly suggest that the enhanced hyperactivity of E344A compared to EK/LP is merely due to its enhanced PEC formation ability. Since replacing this bulky residue (Glu344) with an alanine leads to enhanced hyperactivity of E344A, one can assume that Glu344 has steric interactions and/or repulsive contacts with the ES DNA. Interestingly, looking closely at the interactions of Glu344 and the ES (in the structure of Tnp bound to ES, PDB ID 1MUH) shows that Oε 1 of Glu344 is located within 3.32 and 2.97 Å of C 4 and C 5 of T9, in the major groove of the nontransferred strand, respectively (Fig. 6) (9) . This is likely to cause steric interactions between Glu344 and the ES, and therefore these observations clearly explain the observed enhanced hyperactivity of E344A in papillation and PEC formation assays. It should be noted that the available cocrystal structure of Tnp bound to ES (9) shows the conformation of ES and Tnp after synaptic complex formation and cleavage of the DBB and not upon synaptic complex formation. However, both structural and biochemical data strongly suggest that Glu344 has steric contact with the ES upon synaptic complex formation. Another way to consider this phenomenon is to posit that the DNA flexibility that would be enhanced by the glutamate-to-alanine change is important for synaptic complex formation, whereas the previously proposed specific contacts for Glu344 are not so important. Moreover, we can also conclude from our results that the previously proposed specific contacts for Glu344 are also not important for any of the other steps in Tn5 transposition. Finally, the enhanced hyperactivity of E344A suggests another mechanism by which the wild-type Tnp is suboptimal in order to down-regulate transposition activity in vivo.
The S445A and N348A mutants showed impaired activity in the in vivo papillation assay. Studying the transposition steps for these mutants showed that these mutants have impaired activity in PEC formation; however, they behave similarly to EK/LP in cleavage and strand transfer assays. These results suggest that the hypoactivity of these mutants in the in vivo papillation assay must be merely due to their impaired ability to form PECs (and synapses) with ES DNA. Tn5 is a model system for studying transposition and may also be useful in understanding related recombinant processes. The individual steps of Tn5 transposition have been well characterized. However, our knowledge regarding the protein-DNA interactions leading to synapsis has been incomplete. This work has provided a better understanding of the protein-DNA interactions leading to Tn5 synapsis. 
